-limited culture) are due to the different effects on growth kinetics. The substrate affinity for nitrate is significantly lower than that for glucose, resulting in nitrogen limitation effectively occurring throughout the culture. Glucose limitation occurs later in the culture, coinciding with the induction of antibiotic production. Induction occurs at the start of nitrogen-limited culture so that production appears to be growth-associated. Evidence that this hypothesis is consistent with production kinetics in cyclic fed batch culture was also obtained.
INTRODUCTION
Despite the established societal and economic significance of antibiotics, generally accepted physiological control concepts have only emerged comparatively recently (reviewed by Bibb, 1996) . Antibiotics, in common with many other bioactive microbial metabolites, are classified as secondary metabolites. Such compounds have been described as being produced after the culture growth rate has decayed during batch culture (e.g. Demain et aE., 1983). This coincides with the exhaustion of the growth-rate-limiting substrate (g.1.s.) in most culture systems, which led to proposals that the g.1.s. is acting as a repressor of antibiotic production during the early stages of the culture. These proposals have been applied to carbon sources (see Martin & Demain, 1978) nitrogen sources (e.g. Aharonowitz, 1980 ) and phosphate sources (Martin, 1976) . Although catabolite regulation per se may contribute to the control of specific steps in biosynthetic pathways for secondary metabolites, exhaustion of carbon source will also result in growth rate decay. Our studies using partial cubic spline interpolation for the continuous analysis of growth rate during transient states suggested that the relationship between growth rate decay and antibiotic production was dependent on whether glucose or nitrate was the g.1.s. (McDermott et al., 1993) . This work and subsequent investigations (e.g. Clark et al., 1995; Lynch & Bushell, 1995) led us to conclude that growth rate decay, rather than relief from substrate-induced repression, is responsible for induction of antibiotic production. Accumulating molecular evidence tends to support this concept (see Chater & Bibb, 1996) .
We have obtained evidence that antibiotic production is associated with a down-regulation of intracellular protein synthesis rate (Wilson & Bushell, 1995) . Induction occurred if a minimum ratio of charged to uncharged tRNA was obtained (when uncharged tRNA accumulated). The ratio was manipulated by changing the g.1.s. or by addition of protein synthesis inhibitors. We speculated that the dependence of production dynamics on the identity of the g.1.s. was a function of affinity between the organism and the substrates studied (Wilson & Bushell, 1995) .
In cyclic fed batch culture (CFBC), which allows growth rate to be manipulated in the absence of substrate exhaustion, we observed a relationship between relative growth rate and erythromycin synthesis rates (Lynch & Bushell, 199.5 S. erythraea and A . citreus were routinely maintained on nutrient agar, and grown in 250 ml baffled Erlenmeyer flasks containing 50 ml medium at 30 "C on a rotary shaker at 250 r.p.m. A nutrient broth starter medium was inoculated with colonies picked off a plate. After 48 h agitation, 2 ml was removed and used (S. erythraea) to inoculate preculture flasks containing the defined medium. After 48 h further incubation, the precultures were used at approximately 5 % (v/v) as an inoculum for bioreactors.
Bioreactor culture. The Braun Biostat MD bioreactor used had maximum and minimum working volumes of 10.5 1 and 4.5 1 respectively during CFBC (Lynch & Bushell, 1995) .
Agitation was provided by disc turbine impellers rotating at 1000 r.p.m. and sterile air was supplied through a sparger. The temperature was controlled at 30 "C. Dissolved oxygen concentration in the bioreactor was monitored with an Ingold polarographic dissolved oxygen electrode and maintained above 80% of air saturation by varying the airflow rate automatically. The pH was controlled at 7.0 using automatic additions of 0 1 M HCl and 0 1 M NaOH. Medium feeds employed a Braun FE 211 high-precision pistonactuated dosing pump, controlled by microMFCS fermenter control software (Braun) running on a personal computer.
Culture biomass concentration determination. Ten millilitre biomass samples were collected on pre-dried membrane filters (Whatman 045 pm). Filtrates were collected and frozen for further assays (erythromycin, vancomycin, glucose, nitrate and phosphate), and the filter was rinsed with distilled water (3 x 10 ml) prior to drying in a microwave oven (high power, 5 min). Dry weights and, hence, biomass concentrations were estimated after cooling and desiccation.
Antibiotic assays. A bioassay employing Arthrobacter citreus was performed using procedures described previously (Huck et al., 1991). Seed cultures and assay plates of A . citreus were incubated at 30 "C, and the diameters of the zones of inhibition were recorded after 24 h. Examination of a number of samples using high-performance liquid chromatography (Tsuji & Goetz, 1978) confirmed that the bioassay corresponded to erythromycin.
Residual glucose, nitrate and phosphate. A glucose-oxidasebased assay kit (Trinder system, Sigma) and a nitrate- reductase-based assay kit (Boehringer Mannheim) were employed. The colorimetric procedure described previously (McDermott et af., 1993) was used for phosphate determination.
Specific biomass and anti biotic production rates. Specific growth rates were calculated using the partial cubic spline interpolation methodology described by us previously (Bushel1 
RESULTS AND DISCUSSION

Batch culture production dynamics
Erythromycin production was observed under carbonand nitrogen-limited conditions (Fig. 2a, c) . The frequency of sampling in this study was low, due to the requirements for large samples for the protein synthesis assay. Although this decreases the confidence that can be placed on the interpolated curves, growth and antibiotic production kinetics were consistent with previous findings, which included studies where very frequent sampling was possible (McDermott et al., 1993; Clark et al., 1995; Wilson & Bushell, 1995) . Analysis using partial cubic spline interpolation indicated that the specific antibiotic production rate peaked after the specific growth rate in carbon limited culture (Fig. 2b) . This is the classic growth-dissociated production pattern associated with secondary metabolism. The peaks in growth and production rates coincided in the nitrogenlimited medium, exhibiting an apparent growthassociated production pattern in this culture (Fig. 2b) . These patterns are consistent with our previous findings (McDermott et al., 1993; Clark et al., 1995; Wilson & Bushell, 1995; Lynch & Bushell, 1995) .
Correlation between protein synthesis and antibiotic production rates in batch culture
The intracellular protein synthesis rate decreased after having reached a maximum at approximately 37 h in carbon-limited culture (Fig. Zb) . As in our previous study (Wilson & Bushell, 199S) , the increase in the antibiotic production rate coincided with the period when the protein synthesis rate decreased significantly (to approximately half its peak value) and the specific growth rate was declining (Fig. 2b) . Kinetics in nitrogenlimited batch culture also supported our previous findings. The protein synthesis rate was half that observed in carbon-limited culture and the increase in antibiotic production rate paralleled the increase in growth rate (Fig. 2d) . 
Correlation between protein synthesis and antibiotic production rates in CFBC
The antibiotic yields obtained from this wild-type strain in simple batch culture with synthetic media are considerably lower than those obtained in commercial production processes, where sophisticated feeding regimes are applied to mutant organisms growing in complex media. We developed CFBC as a means of increasing antibiotic production by imposing a constant down-regulation of growth rate on the culture (Lynch & Bushell, 1995) when we reported phases of decreased and increased anti biotic production rate during different phases of the CFBC cycle. During the experiment reported in the present paper, we also measured the intracellular protein synthesis rate. The protein synthesis rate increased at the start of each cycle, then decreased, before increasing again (Fig. 3) . As in batch culture, the antibiotic synthesis rate had an inverse relationship with protein synthesis rate. It increased during the phase of decreasing protein synthesis rate and declined only when the protein synthesis rate increased.
We have suggested that a critical decrease in protein synthesis rate acts as a trigger for secondary metabolite production (Wilson & Bushell, 1995) . In all cultures where antibiotic was detected during that study, onset of antibiotic production coincided with minimal protein synthesis rate. Further investigation in S . erythraea and Streptomyces hygroscopicus cultures indicated that this corresponded to the minimum ratio of charged to uncharged tRNA, i.e. when uncharged tRNA accumulated (Wilson & Bushell, 1995) . Results obtained in the present paper indicate that the benefits in antibiotic yield provided by the CFBC technique derive from its ability to induce a down-shift in protein synthesis rate (Fig. 3) , presumably leading to the requisite accumulation of uncharged tRNA. 
Relevance of production dynamics to an ecological role for secondary metabolites
Secondary metabolites may function in the environment as inhibitors of competitor organisms or as signalling compounds, such as mating factors (Roth et al., 1986) .
In either case, a means of sensing the presence of other micro-organisms is needed if the compounds are not to be produced constitutively (and, therefore, wastefully) . The arrival of a new microbial cell into a micro-habitat already occupied by a potential secondary metabolite producer would result in a transient decrease in nutrient availability if both were capable of utilizing the same nutrients to the same extent. This would result in a decrease in growth rate, thus providing a trigger for secondary metabolite production. Such a sensing mechanism, based entirely on nutrient uptake rate, would ensure secondary metabolite production for inhibition of competitors or signalling to potential mating strains, only when a significant change in the assimilation rate of the growth-limiting nutrient occurs. In the competition scenario, this would be the only circumstance when antibiotic production would be needed.
Effect of substrate affinity on production dynamics
During a batch liquid culture, in which the organism has a high affinity for the g.l.s., the growth rate remains close to its maximum value until the concentration of the substrate falls to a value commensurate with the substrate affinity (K,) value. When this point is reached, the growth rate falls very rapidly. This rapid decrease coincides with the onset of antibiotic production during late exponential phase (i.e. ' secondary ' metabolism) in carbon-limited culture. In nitrogen-limited culture the organism has a low affinity for the g.1.s. Nitrogen exhaustion, therefore, occurs gradually rather than as a transient event. Protein synthesis rate and tRNA charging are sensitive to the magnitude and rate of change of extracellular nutrient availability (Koch, 1980) and are, therefore, reasonable candidates for key components of the cascade leading to antibiotic production.
We estimated values for substrate affinity constant values for glucose and sodium nitrate, using the nonlinear modelling technique approach described (Methods, 'Determination of substrate affinities '), in batch culture. The growth curves could be modelled accurately until late stationary phase (Fig. 4) . Our estimates indicated that the affinity for nitrate (K, = 7.8 mM, +4 x lod2) was, indeed, lower than that for glucose ( K , = 7.7 x mM, & 4 x loF5), providing support for the physiological control model shown in Fig. 5 .
Elements of the model for physiological control of secondary metabolism
An essential role for butyrolactones such as A factor in the cascade has also been proposed (Beppu, 1992) . This requires investigation to determine whether they are an essential part of the sequence of compounds required to initiate secondary metabolism or simply act as diffusible signal factors (Fig. 5) , whose function is to initiate antibiotic production in parts of the colony, remote from that in which the growth rate down-regulation event has taken place.
Measurements of the substrate affinities, presented in this paper, support the concept of two alternative regulatory cascades between g.1.s. (glucose and nitrogen source) limitation and protein synthesis rate, proposed in Fig. 5 . This provides a hypothesis that can account for the growth-associated and growth-dissociated production kinetics observed under, respectively, glucose and nitrate limitation. The pattern of protein synthesis rate observed during a CFBC cycle, also reported here, provides evidence that down-regulation in protein synthesis rate results in antibiotic production, a concept first developed in a previous study (Wilson & Bushell, 1995) during which it was established that this downregulation only effects initiation of secondary metabolism if it results in a significant increase in uncharged tRNA. This observation supports the assertion of Ochi (1988) and Bibb (1996) that ppGpp probably plays a crucial role in initiation of antibiotic synthesis, since accumulation of uncharged tRNA initiates production of ppGpp (leading to the stringent response; Lamond & Travers, 1985) . However, other groups (Takano et al., 1992 ; Bascaran et al., 1991) claim antibiotic production in the absence of elevated ppGpp levels, so there is clearly a requirement for more work in this area.
The physiological control model, presented here is compatible with the molecular control model proposed recently by Bibb (1996) .
